Background. Recurrent vulvovaginal candidiasis (RVVC) is a problematic form of mucosal Candida infection, characterized by repeated episodes per year. Candida albicans is the most common cause of RVVC. Currently, there are no immunotherapeutic treatments for RVVC.
This study explored the safety, immunogenicity, and impact on vulvovaginal candidiasis (VVC) recurrence of the NDV-3A vaccine in women with RVVC. This vaccine contains the N-terminal portion of the agglutinin-like sequence 3 (Als3) protein of Candida albicans, a hyphal-specific virulence factor that mediates adherence to [6] and invasion of [7] human epithelial and vascular endothelial cells. The vaccine has undergone extensive preclinical evaluation in hematogenously disseminated, oropharyngeal, and vaginal candidiasis murine models [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Additionally, it is highly immunogenic in nonhuman primates (J. P. Hennessey Jr, NovaDigm Therapeutics, unpublished data) and safe and immunogenic in phase 1 studies in humans [19] .
Here we present the results of an exploratory phase 1b/2a study of NDV-3A versus placebo to evaluate the safety, immunogenicity, and impact on recurrence and time to first recurrence of VVC in women with RVVC. To our knowledge, this is the first such study of a purified recombinant fungal protein vaccine.
METHODS

Clinical Trial Materials
Vaccine and placebo lots used in this study were manufactured using current Good Manufacturing Practices, stored at 2 o C-8 o C and monitored for stability. The recombinant Als3 antigen in NDV-3 (Als3 fused to a 6-His tag and linker sequences) and in NDV-3A (Als3 with no extraneous sequences) were produced in Saccharomyces cerevisiae, purified (>98% purity), and formulated with aluminum hydroxide as described previously [19] . NDV-3 was used in the phase 1 studies, but NDV-3A is the form of the vaccine that is the focus of further development. The placebo lot contained all vaccine components with the exception of Als3.
Study Design
This was a double-blind, placebo-controlled study designed to enroll 189 patients, which was conducted from July 2013 to May 2016 in 20 study sites within the continental United States. The phase 1b portion of this study included 15 patients per group and compared the safety and immunogenicity among NDV-3, NDV-3A, and placebo groups. The phase 2a portion of the study was designed with 80% power to detect a difference in efficacy of NDV-3A and placebo, with α (2-sided) of 0.05, assuming a 50% attack rate (over 6 months) in placebo recipients, an estimated vaccine efficacy of 50%, and an expected early withdrawal rate of 25%. This design called for 87 patients each in the NDV-3A and placebo groups. The comparison provided a bridge to assure that NDV-3A safety and immunogenicity results can be linked back to those generated using NDV-3 in initial phase 1 studies.
Enrolled patients provided informed consent and met all inclusion and exclusion criteria for the study. In part, these criteria required patients be aged 18-55 years, using an approved method of birth control, and presenting with a clinically diagnosed active VVC episode at time of enrollment. An active VVC episode was defined as having a composite sign and symptom score [20] of ≥3 (range, 0-18), a vaginal swab culture-positive for C. albicans, and at least 2 episodes of vaginitis during the 12 months prior to the current episode, 1 of which was documented by a diagnostic test specific for Candida. A complete list of inclusion and exclusion criteria and demographic data can be found in Supplementary Tables S1-S3. Enrolled patients received 3 doses of oral fluconazole (150 mg each), taken on days −14, −11, and −8. At day 0, those with sign/ symptom scores ≥3 were exited from the study and treated per the judgement of their physician. Those with combined sign/ symptom scores <3 and who still met inclusion/exclusion criteria were randomized to a single intramuscular dose of either vaccine or placebo and were given 3 more doses of fluconazole (150 mg each), taken on days 0, 7, and 14 to allow near maximum immune response to the vaccine with minimal chance of influence of an active Candida colonization.
Enrollees were scheduled for 7 office visits and allowed unlimited unscheduled visits to address questions or symptoms. At all visits enrollees underwent a complete history, including a review of adverse events and medications being taken, physical examination, symptom scores (by the patient), sign scores (by the investigator), mycological culture of vaginal swabs, and a cervicovaginal (CV) wash. Additionally, blood was collected for isolation of serum and peripheral blood mononuclear cells (PBMCs). All samples were stored at <−60 o C. Patients who presented at office visits after day 17 (the 3 halflives wash-out period for fluconazole) with symptom scores ≥3 were considered recurrent cases of VVC regardless of the culture result of their vaginal swab, treated with oral fluconazole (150 mg per day every 3 days for 3 doses), and continued in the study. A recurrence of VVC in vaccinated patients within 17 days of a previous episode was considered a failure of fluconazole therapy and not counted as a new episode of VVC.
Immunological Assays
Serum and CV wash samples were analyzed for anti-Als3 immunoglobulin G (IgG) and immunoglobulin A1 (IgA1), and PBMCs were evaluated for Als3-specific production of interferon γ (IFN-γ) and interleukin 17A (IL-17A) as previously described [19] .
Statistical Analyses
The statistical analyses of this study were consistent with the International Conference on Harmonisation (ICH) guidelines E9: Statistical Principles for Clinical Trials [21] . For each outcome, the proportion of patients in each group was summarized with point estimates and their 95% confidence interval (CI). The difference between the proportions and their 95% CIs were calculated for each outcome.
Given no prior vaccine studies in this population, this study was defined as exploratory to identify potential endpoints for subsequent studies of the efficacy of NDV-3A in women with RVVC.
RESULTS
Study Performance
Details of the screening, enrollment, and clinical visit activities are summarized in Figure 1 . A total of 408 patients were screened; 65 were excluded based on criteria at study day −14. The remaining 343 patients with acute vaginitis were treated with oral fluconazole and evaluated on study day 0. Of these, 151 had a study day −14 swab that was either negative for any Candida species (n = 142) or positive for a non-albicans Candida species (n = 9), and 4 were found to have a composite score at study day 0 that was ≥3, indicating lack of resolution of VVC. These and other reasons for screen failure are provided in the Supplementary Data (Supplementary Table S1 ). These 151 screen failures were not continued in the study or vaccinated. The remaining 188 patients met all inclusion/exclusion criteria and were randomized and vaccinated with either NDV-3A (n = 89), placebo (n = 85), or the phase 1 vaccine candidate, NDV-3 (n = 14). The 3 patient groups had no significant differences for age, weight, body mass index, ethnicity and race (Supplementary Table S2 and S3).
During the planned 12-month postvaccination period, 45 patients (23.9%) withdrew from the study prior to completing their 12-month visit; 143 patients met all inclusion/exclusion criteria and completed the study (Table 1) . Table 2 summarizes treatment-emergent systemic adverse events (AEs) that occurred in >4% of vaccinees. Almost all AEs were mild or moderate and were not related to study treatment. Four patients in each of the NDV-3A and placebo groups reported an AE of severe intensity; all were considered unrelated to study treatment except 1 in the NDV-3A group, who had headache and muscle aches of severe intensity, not considered serious.
Safety
Overall, there were no significant differences in AE rates among the NDV-3A, NDV-3, and placebo groups. Table 3 shows that the majority of patients receiving NDV-3A or placebo experienced at least 1 injection site reaction (87.6% and 84.7%, respectively). For each specific injection site reaction there was a slightly greater frequency of AE for NDV-3A recipients than for placebo recipients, although the differences are not statistically significant.
Microbiology
The frequency of positive cultures for postvaccination (day 18 to 12 months) vaginal swabs was not significantly different (P = .13) for vaccine (NDV-3A + NDV-3; n = 299/691; 43.3%) and placebo (n = 252/643; 39.2%) recipients.
Immunogenicity
Both NDV-3A and NDV-3 elicited robust immunologic responses, with serum anti-Als3 IgG and IgA1 titers significantly higher in the vaccine groups than the placebo group at all time points beyond day 0 (Table 4) . In all groups, geomean serum antibody titer reached a maximum value on day 14, declining by 4-to 8-fold after 12 months. The CV wash antibody titer maxima occurred on day 14-28, with similar levels of decline out to 12 months as seen in sera (Table 5) . Differences in antibody titers between NDV-3 and NDV-3A were not statistically significant.
Stimulation of Als3-specific production of IFN-γ and IL-17A was equivalent in NDV-3A and NDV-3 recipients, with both groups having greater responses than the placebo group at day 14. Vaccinees showed a slight reduction in geomean levels of these cytokines by day 90 (Table 6 ).
Scheduled Versus Unscheduled Office Visits
Post hoc analysis of the exploratory outcomes measures in this study showed that patient symptom scores (range, 0-9) on postvaccination visits with a value >1 were seen for only 11% of scheduled visits as compared with 86% of unscheduled visits ( Figure 2A ). Even a score of 2 shows substantial difference in the frequency for scheduled versus unscheduled visits (4% vs 9%). Physician sign scores (range, 0-9) showed no significant correlation with patient symptom scores ( Figure 2B ), with wide variability in relation to any given symptom score. Table 7 shows the number and percentage of patients who were free of recurrence of symptoms consistent with VVC, defined as a patient symptom score <3, after study day 17 and at the specified office visits. A post hoc analysis of age dependence on recurrence rates in the treatment versus placebo groups showed that vaccine efficacy appeared to decrease with increasing age, with consistent results seen for age cutoffs of 38 to 42 years. For this reason, a subset of patients aged <40 years was analyzed alongside the dataset of all patients. In the time interval from day 17 up to the 3-, 6-, and 12-month office visits, the percentage of patients who were recurrence-free was greater in the NDV-3A group than in the placebo group for those aged <40 years but was not statistically significantly different for all ages. The proportion of women who were recurrence-free at 12 months (42% vaccine vs 22% placebo; odds ratio, 0.39; 95% CI, .17-.91) is notable. a Patients that discontinued the study due to investigator decision exited the study after their first recurrence to pursue other therapies that excluded their further participation in this study (eg, maintenance fluconazole therapy). Figure 3 shows a Kaplan-Meier survival plot and a bar chart of median time to first recurrence, reflecting when patients in the indicated groups were diagnosed with their first recurrence of VVC postvaccination. A Kaplan-Meier survival plot ( Figure 3A) showed a significantly faster time-dependent decline in the percentage of recurrence-free patients aged <40 years in the placebo group relative to the NDV-3A group (P = .03). This finding is also reflected in Figure 3B , where median time to first recurrence for patients aged <40 years was 210 days for vaccine recipients versus 105 days for placebo recipients. This impact on time to first recurrence was statistically significant by the Cox proportional hazards model (hazard ratio, 0.59). Similar evaluations of patients of all ages had a smaller difference between NDV-3A and placebo, which was not statistically significant in either the Kaplan-Meier survival plot (Supplementary Figure S1 ; P = .099) or by the the Cox proportional hazards model (Suppelementary Figure 3B ; hazard ratio, 0.71). The results were similar when the median time to first recurrence was calculated only for patients who had a recurrence (ie, eliminating recurrence-free patients from the analysis; data not shown).
Impact of NDV-3A on Proportion of Recurrence-Free Patients
Impact of NDV-3A on Time to First Symptomatic Vulvovaginal Candidiasis Recurrence
DISCUSSION
This study represents our ongoing efforts to develop novel vaccines to prevent or ameliorate Candida infections, including both mucocutaneous and invasive candidiasis. We initially focused on women with RVVC because a large percentage of women who have this condition are generally healthy with well-functioning immune systems, as opposed to those with invasive candidiasis. That said, we were mindful that vaginal irritation, even recurrent, can have many causes. Thus the initial requirement for a vaginal culture positive for Candida as a requirement for entry into the study substantially increased the likelihood that that our patient complaints were associated with Candida infections. As shown in Tables 1-3 , NDV-3A is generally safe, as was its precursor, the 6-His-tagged NDV-3 [19] , showing AEs comparable with those seen in placebo recipients. Although differences in specific injection site reactions do not reach the level of statistical significance and typically resolved within a few days, NDV-3A recipients showed a slightly higher frequency of AEs than placebo recipients. This suggests a slightly elevated reactogenicity of NDV-3A in this patient population.
Immunogenicity was equivalent between NDV-3A and NDV-3; a rapid immunologic response was seen in virtually all recipients, with peak serum antibody (IgG and IgA1) titers within 14 days of vaccination (Table 4) , peak vaginal antibody titers within 14-28 days (Table 5) , and peak Als3-specific production of IFN-γ and IL-17A from PBMCs in response to either vaccine by 14 days after vaccination (Table 6 ). Overall, NDV-3 and NDV-3A have effectively similar safety and immunogenicity profiles.
Immune responses to Als3 are similar to the anamnestic responses seen with multidose vaccines and presumably reflect priming of the immune system to Als3 by wild-type exposure to Candida, which is not unexpected, given the commensal nature of this organism. The important immunological outcomes of this study are that (1) women with RVVC had low baseline anti-Als3 titers and enzyme-linked immunospot assay (ELISPOT) results, indicating that repeated vaginal exposures to C. albicans does not stimulate a substantive systemic immune response, and (2) that women with RVVC responded robustly to NDV-3A, illustrating their capability of generating an anti-Candida immune response and no evidence of a Candida-specific immune defect. Immunological responses will be further presented and discussed in a subsequent article. Because this was the first clinical study evaluating the impact of a vaccine on RVVC, it was designated as an exploratory phase 1b/2a trial [22] . The primary outcomes measure of the study was safety in the target population. Secondary outcomes measures for NDV-3A versus placebo groups were Als3-specific signals of B-cell (eg, antibody) and T-cell (eg, production of IFN-γ and IL-17A) immune responses and recurrence of VVC during a 12-month postvaccination period. The study design was a modification of a well-known study for maintenance treatment of RVVC, with weekly doses of fluconazole for 6 months [20] . Although a US Food and Drug Administration (FDA) draft guidance for studies of the antimicrobial treatment of RVVC is under development [23] , there is no guidance for a vaccine or immunotherapeutic strategy to manage RVVC.
Of the exploratory findings assessed in this study, patient symptom scores were particularly informative. A threshold self-assessed symptom score of ≥3 was associated with patients seeking an unscheduled clinic visit ( Figure 2A ). Although there was a greater percentage of unscheduled vs scheduled visits with a score of 2, this difference may be too low of a bar for definition of a recurrence. There was a wide range and variation in physician sign scores for any given patient symptom score ( Figure 2B ), particularly from site to site but also between physicians at a given site (data not shown). Additionally, physician sign scores did not show a relationship between the magnitude of the score and the occurance of unscheduled clinical visits. After the initial treatment of patients with fluconazole, the culture positivity rate was relatively high (10%; data not shown) in patients with symptom scores <3. Because the vaccine was not expected to eradicate the organism (unlike in the fluconazole maintenance study), we chose to define recurrence as a return of symptoms that could be attributed to VVC. The lack of impact of the vaccine on the culture-positive status of patients may be attributed to the anti-Als3 immune response impacting the hyphal form of Candida, which express high levels of Als3, rather than the yeast form of Candida, which expresses little to no Als3 [24] . Traditional culture methods cannot discriminate between yeast and hyphal forms of Candida, so either form can produce a positive culture.
Because host responses to vaccines are often age-dependent, we performed post hoc analyses based on patient age and noted that the impact of NDV-3A on recurrence rates tended to be higher in patients aged <40 years. Patients aged <40 years make up 90% of those experiencing their first episode of RVVC and represented 77% of the patients in this study. These subset analyses support that NDV-3A achieves a statistically significant impact in reducing recurrence of VVC and in increasing time to first recurrence in women aged <40 years. Numerator includes recurrence-free patients remaining in the study up through the specified visit. Denominator includes all patients in the study that were either recurrence-free through the specified visit or that had ≥1 recurrences at any time while in the study.
Abbreviation: CI, confidence interval. Inclusion of women aged ≥40 years in the data analysis reduced the overall impact of the vaccine, suggesting that addressing RVVC in women aged >40 years may require separate studies and perhaps a different course of treatment. The reasons that older RVVC patients may not respond as well to immunotherapy with NDV-3A remain unknown. There were no observable differences in the immune responses in RVVC patients aged ≥40 years versus younger patients. Based on a 127-patient self-reporting survey (NovaDigm Therapeutics, unpublished data), the average duration of RVVC was 3.5 years, whereas 20% of patients aged <40 years reported having had RVVC for ≥6 years versus 53% of those aged ≥40 years. Older patients who still have RVVC may have a different underlying host immune status that does not allow them to resolve the condition as readily and may also not be as amenable to the resolution of symptoms by NDV-3A immunotherapy. The impact of perimenopause and associated hormonal changes on NDV-3A efficiacy may be another area for future study.
It is also noteworthy that this study focuses on the use of NDV-3A as a therapeutic vaccine for women who are not only colonized with C. albicans but are having recurrent symptoms of disease. In this respect, NDV-3A is similar to shingles vaccines given to adults in that the vaccine mitigates disease from a pathogen that was present prior to vaccination.
There are several limitations of this study. First, because there is no FDA guidance for evaluation of a vaccine or immunotherapeutic agent for RVVC, we chose efficacy endpoints on a post hoc basis, which will need to be confirmed in further studies. Second, the wide range of physician scoring of clinical signs indicates a lack of standardization of sign-scoring technique. Physician scoring of signs of mucosal infection has been known to be problematic in similar studies [25, 26] , and patients' symptoms may influence physician judgement regarding scoring of signs or severity. In the future, more precise definition of the signs evaluated in this study, added to a more extensive list of signs, may reduce these variations. Third, given the apparent protection of a subset of patients, despite a lack of detectable reduction in C. albicans burden in these patients, there may be unique challenges of vaccination against a commensual opportunistic microbe, which raise questions of whether complete decolonization is possible or desirable. Attaining culture negativity with a vaccine strategy may not be necessary, particularly if vaccines such as NDV-3A beneficially modulate host response and either modify Candid.burden or interfere with Candida transition to a pathogenic form. Finally, because this study did not include a quality-of-life assessment, some of the potential clinical measures of efficacy were not obtained. These issues will be important considerations in the design of a phase 2b trial to establish reliable clinical endpoints for further evaluation of NDV-3A in women with RVVC.
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